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Abstract 
Carbon dioxide capture and storage (CCS) technology is arising as one of the key technology for reducing emission 
of global warming gas and mitigating climate change. Especially the impurity effect on the CO2 transportation is 
important, cause with small amount of impurity, specific volume, boiling point and critical temperature of CO2 might 
possibly change tremendously, and along with that problems such as formation of hydrate and pipe clogging, etc are 
possible. Moreover the real captured CO2 mixture might contain impurities such as N2, O2, H2O, SOx, H2S. Among 
them, N2 can affect the CO2 transport process by its low boiling point. In other words, a small amount of nitrogen can 
make change flow conditions from single phase flow to two-phase flow. And a small amount of water in CO2 stream 
can trigger the clogging problem due to formation of hydrate. To understand the thermo physical behavior of CO2-N2 
mixture, experimental investigations are essential. In this study, we designed and built an experimental apparatus for 
simulating CO2–N2 mixture pipe-line transportation which consists of 4 parts with high pressure compression 
module, liquefaction module, mixing module, cooling module and transport test section. The transportation test 
section consists with 2 parts, one for horizontal pipe-line test section made by a horizontal tube and the other for 
long-pipe test section which composed of horizontal tubes and bended U-tubes. The steady flow experiment was 
tested on the horizontal pipeline test section to evaluate pressure drop behavior of CO2-N2 mixture in horizontal flow. 
Test condition was 70, 85, 100and 120 bar with varying N2 impurity composition. With increasing N2 impurity ratio, 
pressure drop, fluid phase, pressure, and temperature change was acquired and compared the value with calculated by 
single phase and two-phase model. The unsteady conditions such as severe variations of temperature, pressure and 
phases can be encountered during shut in, blow down of CO2 transport and injection systems. So designed at built 
unsteady flow experimental apparatus and conducted unsteady test with pure CO2. 
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1. Introduction 
To mitigate global warming and climate change, many countries are investing on the CCS(Carbon 
dioxide Capture and storage) technology. CCS is regarded as large carbon reduding technology which 
will contribute about 19% green house gas reduction by 2050 [1]. CCS includes mainly 3 processes, first 
capturing CO2 from large point source such as steel works and power plants, second transporting CO2 
from capture site to storage site, and lastly injecting and storing CO2 in safe geological formation for long 
time. 
The CO2 stream of CCS includes impurities inevitibly permeated during combustion and capture 
process. The impurity changes the density and critical point of CO2 stream so the ratio in CO2 stream is 
an impontant issue, cause it relates to process technology, economic feasibility, and, also, public 
acceptance of CCS chain. But the accurate data of the impurity effect on the transportation is still lacking. 
Huh et al. [2, 3] discussed the effect of N2 and SO2 on the vapor-liquid equilibrium behavior and analyzed 
the the effect of two impurities on the process desighn with trying to optimize the parameter between CO2 
and impurities. Huh et al. [4] discussed the effect of water and N2 impurity effect with numerical and 
experimental methods, especially on steady state flow. Cho et al. [5] conducted the steady state flow 
experiment with nitrogen and discussed the effect of N2 comparing the tendency of pressure drop change 
with density change. This study is extension of previous researches [4]. 
 
2. Experimental Apparatus and Test Procedure 
The experimental apparatus in this study comprises of four major modules [4]: a CO2 flow module 
supplying CO2 as working fluid, a N2 flow module which supplies N2 as impurity, a flow visualization 
module, and a data acquisition module. 
 
 
Fig. 1. Schematic diagram of experimental apparatus [4] 
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Figure 1 shows a schematic diagram of the experimental apparatus. Supplied vapor phase CO2 and N2 
were compressed with different compressor built for each fluid. Compressed discharge CO2 vapor was 
then liquefied in the high pressure condenser. The liquid phase CO2 flew into the receiver tank. The liquid 
CO2 flow rate was controlled by metering valve and measured with mass flow meter. The N2 gas flow 
rate is also controlled and measured by metering valve and mass flow sensor. Pressurized N2 gas was 
then mixed with liquid CO2 after metering valve for each fluid. Mixed CO2-N2 temperature was 
controlled by chilling bath before supplied into test section. 
There are two test sections for this study. One is for steady flow test, and the other is for unsteady flow 
test. The steady flow test section consists of a horizontal pipe and in/out sensor devices. The CO2-N2 
mixture is entered to the tube of 3.8608 mm inner diameter, 6 m length. Outside of tube is covered with 
insulation pad. Two temperature sensors and pressure transducers were set up to acquire the inlet and 
outlet temperatures and pressures. Between the inlet and outlet differential pressure transducer was 
installed to measure the pressure drop of the test section. After test section, the pressure of the CO2-N2 
mixture is reduced by passing through metering valve. The unsteady flow test section consists of 
circularly winded tubes, temperature, and pressure sensors. The inner diameter is 3.8608 mm which is 
same as steady flow test section. At the inlet and outlet of test section 14 temperature and absolute 
pressure transducers are installed. Total length of unsteady flow test section is 51.96 m. 
The experimental uncertainty of pressure drop per mass flow rate ( /P mU ) could be affected by 
several experimental conditions such as the mass flow rates of CO2 and N2, temperature, length and 
diameter of test section, and the pressure gage accuracy. The measurement errors of mass flow meters of 
CO2 and N2 are f0.14% and f1.0% of readings, respectively. That of temperature sensor, pt100 RTD, 
is f0.1 . The length and diameter of test section tube have within f0.02 % and f1.0% deviations, 
respectively. The pressure gage’s error is ~0.064 bar at 125 bar (i.e. maximum pressure in this study). 
Consequently, the experimental uncertainty was estimated within ±1.42 % using Holman’s expression 
[6]. 
The steady flow experiment were tested for inlet temperature of 21 , the mass flux of 406~409 
kg/m2s, and pressure of 70, 85, 100, 120 bar conditions. The components of the test flow system were 
handled to set the desired inlet pressure, mass flux, and inlet temperature. Carrying out the experiment, N2 
flow rate was elaborately adjusted to maintain the CO2-N2 total mass flow rate as 17.2 kg/hr (directly 
converted into 408.1 kg/m2sec mass flux). After the flow rate becomes stable, differential pressure, 
pressure, and temperature data are measured, and flow visualization carried out. 
The unsteady flow experiment were tested for initial temperature of 25f3 , pressure of 70, 85, and 
120 bar. The working fluid was pure CO2. Before start unsteady flow test, pressurized CO2 was entered 
into the test section with outlet valve closed, then, as the pressure and temperature become stable at the 
test condition the inlet valve closed. As outlet valve opened the test started and all the pressure and 
temperature data were gathered by data acquisition system. 
3. Experiment result 
Figure 2 to 5 show the measured and calculated pressure drop value of steady flow experiments at 70, 
85, 100, 120 bar condition. And the zero mean percent error shows the difference between measured and 
calculated values. To calculate pressure drop value at the single phase region, Blasius equation was 
utilized to acquire friction factor f for a turbulent flow  
 
1/40.079 / Ref
                                                                                                                                         (1) 
Re /GD
                                                                                                                                               (2) 
3042   Meang-Ik Cho et al. /  Energy Procedia  37 ( 2013 )  3039 – 3046 
2( / ) 2 /SPP z fG D                                                                                                                                (3) 
where Re is Reynolds number, ( / )SPP z  is sing phase pressure gradient, G is mass flux,  is density, 
and D is diameter. 
For calculating two-phase pressure drop which shown at 70 and 85 bar condition, homogeneous flow 
model was used. Homogeneous flow model is the most simple two-phase flow model and the fluid is 
treated as well mixed single phase flow with mixed homogeneous properties. Assuming negligible 
gravitational terms with horizontal flow test section and no acceleration due to insulation of test section, 
he frictional two-phase pressure drop can be expressed as  
 
2( / ) 2 /TP TP TPP z f G D                                                                                                                             (4) 
1( / (1 ) / )TP G Lx x                                                                                                                             (5) 
1/40.079 / ReTP TPf                                                                                                                                          (6) 
 
where ( / )TPP z  is two-phase pressure gradient, TPf  is two-phase friction factor, TP  is two-phase 
density, L  is liquid phase density, and G  is vapor phase density. 
The two-phase Reynolds number defined as 
 
Re /TP TPGD                                                                                                                                             (7) 
 
where TP  is two-phase viscosity. There are several two-phase viscosity model. In this study we used 
McAdams model [7] which defined as 
 
1 / ( / (1 ) / )TP G Lx x                                                                                                                            (8) 
 
where G  is vapor phase viscosity, and L  is vapor phase viscosity. 
The calculated pressure drop data was compared with experimental data. The difference between each 
calculated and each measured experimental data was quantified by mean percentage error (MPE), which 
defined as  
 
exp exp(( ) / ) 100%calMPE P P P .                                                                                                               (9) 
 
The total difference between measured and calculated value for each individual pressure condition was 
quantified by mean absolute percent error (MAPE), which defined as 
exp exp(1 / ) ( / ) 100%calMAPE N P P P .                                                                                                (10) 
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As shown in the Fig. 2, at 70 bar condition, the pressure drop gradient versus N2 mass ratio is different 
at each phase of CO2-N2 mixture. At 0.0 to 1.438% of N2 mass ratio range the mixture is liquid phase, and 
at 2.08 to 4.55% the phase of fluid is two-phase of vapor and liquid, and at 5.25% to 9.353% the phase is 
vapor phase. As shown the pressure drop gradient is highest at two-phase region, and followed by vapor 
phase, and lowest at liquid phase. The MPE data is also shown at Fig. 2. The error percent is within 5% at 
vapor and liquid region, but a few points show that the difference is over 5% at the two-phase region. 
85 bar condition experiment data is shown at Fig. 3. In this 85 bar condition, the phase of fluid was 
liquid phase at 0.0 % of N2 mass ratio, and two-phase of vapor and liquid at 4.727 to 8.416 %, and vapor 
phase at 8.552 to 8.927 % of N2 mass ratio. In this pressure condition the pressure drop gradient is highest 
at vapor phase, second at vapor-liquid two-phase region, and last at liquid single phase region. The MPE 
data shows more than 10% errors in two-phase region and lower than 10% errors in single phase region. 
In both 70 and 85 bar condition the difference between experiment data and calculated value is larger at 
two-phase region than at single phase region. . 
 
㻜 㻞 㻠 㻢 㻤 㻝㻜
㻜
㻞
㻠
㻢
㻤
㻝㻜
㻝㻞
㻝㻠 㻌㻱㼤㼜㼑㼞㼕㼙 㼑㼚㼠
㻌㻯㼍㼘㼏㼡㼘㼍㼠㼕㼛㼚
㻼㼞
㼑㼟
㼟㼡
㼞㼑
㻌㼐
㼞㼛
㼜㻌
㻔㼗
㻼㼍
㻕
㻺㻞㻌㼙 㼍㼟㼟㻌㼒㼞㼍㼏㼠㼕㼛㼚㻌㻔㻑 㻕
㻜 㻞 㻠 㻢 㻤 㻝㻜 㻝㻞
㻙㻝㻜
㻙㻡
㻜
㻡
㻝㻜
㻹
㼑㼍
㼚㻌
㼜㼑
㼞㼏
㼑㼚
㼠㻌㼑
㼞㼞
㼛㼞
㻌㻔㻑
㻕
㻺㻞㻌㼙 㼍㼟㼟㻌㼒㼞㼍㼏㼠㼕㼛㼚㻌㻔㻑 㻕
 
Fig. 2. Pressure drop and mean percent error of CO2-N2 mixture flow experiment at 70 bar 
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Fig. 3. Pressure drop and mean percent error of CO2-N2 mixture flow experiment at 85 bar 
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Fig. 4. Pressure drop and mean percent error of CO2-N2 mixture flow experiment at 100 bar 
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Fig. 5. Pressure drop and mean percent error of CO2-N2 mixture flow experiment at 120 bar 
At 100 bar condition the mixture fluid phase is supercritical, and as N2 mass ratio increases the 
pressure drop gradient also does (figure 4). The MPE is mostly over 7% except the last two points. At 120 
bar condition the mixture is also in supercritical phase region. The pressure drop gradient seems to 
increase asymptotically and linearly as N2 mass ratio increases (figure 5). The MPE data shows that the 
difference between calculated value and experiment data is over 8 % except at 0.0% N2 ratio with 6.7 % 
difference. The MAPE value is 5.36% for 70 bar, 13.74% for 85 bar, 7.24% for 100 bar, and 8.77 % for 
120bar. With excluding two-phase region data and quantifying MAPE for single phase region, the MAPE 
value is 4.37% for 70 bar, and 6.42% for 85 bar. So in the single phase region in this study, the MAPE 
value increased as pressure increased. With including both single and two-phase region, the MAPE value 
increased in both 70 and 85 bar condition. Based on this experimental result, the homogeneous flow 
model can be used with improved two-phase pressure drop model. . 
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Fig. 6. Pressure-Temperature conditions of CO2 unsteady flow 
Figure 6 shows the unsteady CO2 flow experiment results. As shown, at first CO2 experiences 
isothermal expansion, then follows the saturation line until all the liquid CO2 might evaporate. And lastly 
the temperature increases with pressure goes down. All three pressure condition tests of 70, 85, and 120 
bar experienced 3 processes mentioned above, but the pressure-temperature profile was slightly different 
for each other. This result was derived from preliminary test after set-up of experimental facilities. To get 
a more reliable and accurate result complementary measures for unsteady flow experimental apparatus 
will be carried out in the near future, and the unsteady blow down test will be performed for CO2-N2 
mixture flow after that. 
4. Conclusion 
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The effect of nitrogen impurity on the steady CO2 flow was studied experimentally and the data was 
compared with single and two-phase pressure drop models. At the 70 and 85 bar test condition, the 
mixture flow changed from liquid phase to saturation (two-phase), and finally gas phase. The gradient of 
pressure drop per mass flow rate changed as phase changed. The gradient was highest at the two-phase 
condition and that of liquid and gas phase was lesser than two-phase condition. At the 100 and 120bar test 
condition, the mixture was in supercritical condition with varying N2 ratio and the result showed that the 
pressure drop per mass flow rate increased as N2 ratio did but the gradient of pressure drop did not varied 
much in contrast to the result of 70 and 85 bar test condition. As N2 mass ratio increases the mixture flow 
showed different pressure drop gradient for each phase. The calculated two-phase pressure drop values 
using homogeneous flow model with McAdams viscosity equation showed larger difference with 
experimental data than that of single phase prediction values. The unsteady flow experiment was 
conducted and the pressure-temperature profile of unsteady CO2 flow was examined and verified. The 
unsteady flow experiment was tested on the long-pipe test section for evaluating the transient behavior of 
CO2 flow during depressurization starting from 70, 85 and 120bar condition. As a result of experimental 
study, CO2 flows experienced isothermal expansion in liquid region, phase transition occurred along the 
saturation line, and then the temperature of flow increased in gaseous region. 
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